Abstract. Hypoxia is a consistent challenge for aquatic animals. It is a pressing environmental problem; hypoxia can cause cranial edema and ovarium dysfunction in fish. Although several studies have reported the effect of hypoxic insult to the visual system, the hypoxic effect on perinatal animals and in particular their offspring has yet to be elucidated. In this study, activated caspase-3 activity was investigated using immunohistochemistry in order to examine the perinatal hypoxic damage in offspring fish. Offspring were divided into groups based on different time points of sacrifice. This allowed assessment of ocular development for different age groups. The results indicated that perinatal hypoxia induced ocular developmental defects in the offspring. The defects took the form of trabecular cell death and fibre degeneration, corneal thinning and lens fibre derangement. A concomitant change in intraocular pressure was recorded by tonometer in the experimental animals compared with the controls. Further investigation should be initiated to develop strategies to prevent developmental disability due to perinatal hypoxia and to increase survivability of the offspring.
ypoxia, a condition of inadequate oxygen supply to the tissue, is a consistent challenge for fish. A study of apoptotic cells in the nervous system of sturgeons proved that hypoxia is a more pronounced problem in aquatic species than in land vertebrates [1, 2] . Aquatic hypoxia is a pressing environmental problem worldwide [3] , and various approaches have been adopted to elucidate the detailed pattern of hypoxic responses in aquatic animals [2, [4] [5] [6] . In general, fish suffering hypoxic insult have edema or volume increase in their brain tissues [7] . Study of the hypoxia-induced gene expression profiles of fish has revealed depressed encoding of glycolytic enzymes for specific protein synthesis [3] . This supports the notion that metabolic downregulation is important for survival under hypoxia [8] . On the other hand, the study of Olsvik et al. [9] reported an increase in the trans c r i p t i o n l e v e l s o f p h o s p h o l i p i d s a n d hydroperoxide glutathione peroxidase and a decrease in Cu/Zn superoxide dismutase transcription upon hypoxia [9] . The general oxidative stress index (OSI) was altered, indicating a surprisingly unchanged antioxidative ability after prolonged exposure to an unfavourable oxygen concentration. In a recent study, Thomas et al. [10] reported, reproductive failure (i.e., ovarian dysfunction) in Atlantic croaker after hypoxic insult. They believed that this type of physiological defect was the result of downregulation of vitellogenin [10] . Similar to that in mammals, hypoxia has been found to trigger the release of GABA in marine animals, which leads to closedown of ion conductance of certain brain functions [11] . The induced dysfunctions of the central nervous system (CNS) include a decline of light-evoked response and a corresponding weakened signal in the retina and optic tectum, respectively [12] . In medaka (Oryzias melastigma), hypoxia upregulates the telomerase reverse transcriptase (TERT) gene [13] and induces significant dysregulation in the ubiquitin-proteasome and phosphatidylinositol pathways [14] . Moreover, aquarium hypoxia increases the lactate levels in all tissues of fish, which together with confinement in an aquarium, causes stress-associated acidosis. This leads to various manisfestations of dysfunction of the brain and heart [15] . However, some types of aquatic species, such as teleost fish, crucian carp, freshwater turtles and frogs, can withstand prolonged hypoxic insult and are regarded as anoxia-tolerant vertebrates [16, 17] . The crucian carp has been found to temporarily turn off some of its sensory organ systems (e.g., visual sense), thereby saving neural energy during the anoxic condition [12] . The teleost fish develops bradycardia during prolonged or severe hypoxia in order to protect the heart from acidosis [18] . Rainbow trout are capable of increasing venous capacitance to achieve a similar result [19] . For other aquatic animal species, it is believed that intrinsically generated antioxidants would produce an amelioratory effect leading to anoxic and hypoxic tolerance [20] .
Although studies of visual functions in relation to hypoxia have been reported [21] [22] [23] , hypoxia or anoxic injury has been rarely studied in perinatal animals, especially the effect on the ocular development of their offspring. Since one of our recent studies of the offspring of ovoviviparous fish [24] indicated neonatal retinal changes after transient yet severe perinatal hypoxia, the aim of the present study was to investigate the anterior ocular changes in the same type of offspring.
Materials and Methods
Sixty pregnant Xiphophorus maculatus (Poeciliidae) fish were divided into two groups: the control (10 fish) and the experimental (50 fish) groups. In order to prevent overcrowding of the offspring after birth, the fish (actually pregnant fish) were subdivided into groups. The 50 experimental fish were further divided into 5 groups (10 per group) and were put into five aquaria (30 × 30 × 5 cm). The temperature of each aquarium was set at 24 C. The environmental conditions for each group were the same. The aquaria had been infused with pure nitrogen for 30 min before use. After infusion, the oxygen content dropped from 17 to 3.5% as measured by a 970 DO 2 Meter (Barloworld Scientific, Stone, UK). The experimental fish were left to stay in a tank for 6 h and were then transferred back to the aquaria with a subsequently normal oxygen supply. The controls were kept in a normally oxygenated environment (17% oxygen). The offspring from both the control and experimental groups, which hatched 24 h later, were kept in the same normally oxygenated environment until the designated sacrifice period.
Both control and experimental offspring were sacrificed by decapitation on 1, 3, 6, 10, 15, 35 and 40 days after hatching. Their eyes were enucleated immediately. They were cut open at the limbus and fixed in 4% paraformaldehyde for overnight. The specimens were then dehydrated in graded alcohol, cleared in xylene and embedded in paraf- Activated caspase-3 immunocytochemistry was performed to examine apoptosis for all specimens as described in our previous paper [25] . The antibodies for activated caspase-3 and the ABC kit were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA and Zymed, San Francisco, CA, USA, respectively). In order to observe if changes might be reflected in the differences in intraocular pressure, tonometric measurements were obtained using a Tono-Pen ® XL (Medtronic Solan, Jacksonville, FL, USA) on 5 of each of the control and experimental larval eyes.
The tonometric measurements of both control and experimental larvae were computed as mean ± standard deviation. The standard error were then obtained. Studen's t-test was used for comparison and P<0.05 was considered as significant.
Results
A total of 105 live control and 160 live experimental larvae were used. A detailed breakdown is shown in Table 1 .
The histological appearance of the eyes of the control larvae from normoxic mothers is depicted in Fig. 1a . Fig. 1b shows magnified views of the limbus and trabecular meshwork, and Fig. 1c shows the cornea; microscopic observation revealed that the cornea was thinner in the centre than in the periphery of the control larvae (Figs. 1d and e). The peripheral cornea is defined as the area of the corneal region outside the pupillary rim. The trabecular meshworks of both the control and the experimental groups had pores and were not compact; trabecular cells were seen in this area (Fig. 1b) .
As shown in Figs. 2a, b and c, the central cornea of the eyes of 43% of the larvae from hypoxic mothers taken from 3 days post-hatching became progressively thinner after hatching. At postnatal day 40, corneae became acellular in 25% of the larvae from hypoxic mothers taken at this time point (Fig. 2d) . Hyperplasia of the corneal endothelial cells was evident in the eyes of 14% of the larvae from hypoxic mothers taken from the same time point after 15 days (Fig. 3) . Moreover, the differences in corneal thickness were obvious when compared with the equivalent regions in both the eyes of the same larva in 75% of the experimental group taken at the time point 40 days after birth (Figs. 4a and b) . Significant changes were observed by immunohistochemical staining for activated caspase-3 in the eyes of the experimental offspring at birth in 58% of the experimental larvae. By postnatal day 3, significant caspase-3 activity was present in the bulbar conjunctiva, limbus and cornea, but the corneal stroma was unaffected (Fig. 5) . Some chondrocytes in the scleral cartilage of the eyes of the larvae from hypoxic mothers were also caspase-3 positive (Fig. 5 ). These patterns of activity were not present in the specimens of larvae from the control mothers (Fig. 6 ). In the trabecular meshwork of the experimental larvae, some caspase-3 activity began to appear by postnatal day 3 ( Fig. 7) and was chiefly in the trabecular cells by the 10 th day (Fig. 8a  compared with b) . In 67% of the experimental larvae taken at the 15 day time point, this activity began to intensify (Fig. 9a compared with b) and was not only limited to the trabecular cells but also appeared in the fibres of 84% of the experimental larvae by postnatal day 40 ( Fig. 10a compared with  b) . The chondrocytes in the scleral cartilage displayed little activity after 10-15 days, whilst the corneal epithelium and limbus had minimal positive staining at time points after postnatal days 10-15 (Figs. 8a and 9a) in 32% of the experimental larvae. Despite this, caspase-3 staining was initially observed in between the lens fibres from 30 days onwards in 26% of the experimental larvae in either the epithelium or inside the lens (Figs. 11a and b) . For tonometric measurements, the mean ± SD was 19 ± 3.2 mmHg in the control group and 29.8 ± 5.1 mmHg in the experimental group. The difference was significant (P<0.001).
The histological changes in the posterior part of the eyes of fish offspring have been studied previously [24] . In short, the retina also shows apoptotic changes, and these changes initially start in the visual cells.
Discussion
Upregulation of activated caspase-3 activity generally indicates susceptibility to apoptosis, as caspase-3 is the key executioner of the programmed cell death process [26] . Caspase-3 belongs to the family of cysteine aspartic acid proteases, which acts as one group of mediators of neuronal apoptosis [27] . It has been used as one of the indicators for evaluation of cell death of the retina [28, 29] due to hypoxia. Perinatal hypoxia has been found to induce white matter injury and neurologic disability in neonates [30, 31] . It can predispose animals to respiratory malfunction [32] , neonatal hypoxic encephalopathy [33] and even hearing loss [34] in mammals. However, studies of perinatal hypoxia Fig. 2 . The thin cornea and lens of a control larva. The section was cut at a sagittal plane through the pupil. e: Note the cornea (arrow) of the control larva was thickened when the sagittal cut was through the peripheral cornea. Bars=50 µm. in aquatic animals and their offspring are not readily available for comparison. In the present study, the increase of activated caspase-3 in the anterior part of the eye of the experimental group indicated an inherited effect of oxidative stress in the offspring. Perinatal hypoxia, while not solely affecting the mother, also induced ultimate developmental alterations in the offspring. The presence of activated caspase-3 in trabecular cells, scleral chondrocytes and trabecular fibres signified an apoptotic process in these components compared with the controls. Trabecular cell death and fibre degeneration might lead to dysfunction of the outflow of the aqueous humour, whilst cell death in the scleral cartilage would be detrimental to ocular integrity. This type of deformation would challenge the survivability of the aquatic animals subsequent to changes in their visual ability. Furthermore, the presence of activated caspase-3 in between the lens fibres might predispose fish to cataract formation. A transient increase of activated caspase-3 in the limbal region and corneal epithelium might produce derangement of cell renewal and an increase in the amount of tissue degradation, respectively. These types of changes might explain continual thinning of the corneae in the larvae of the experimental groups. Concomitantly, there was an increase in intraocular pressure, prob- ably confirming a malformation or change in the trabecular meshwork that might affect aqueous outflow. However, we used the Tono-Pen, a human oriented instrument for intraocular pressure measurement, and although the comparison between the control and experimental groups was valid, the absolute measurements were only arbitrary.
The mechanism for the changes in the anterior part of the eye as depicted in this paper remains elusive. It is possible that hypoxia affects the production or content of the aqueous humour, which then subsequently affects the anterior parts of the eye. The increase in intraocular pressure may point in this direction. However, it is also possible that hypoxia affects formation of the components of the trabecular meshwork and hence results in a malformed network in this region.
Some previous studies have shown that certain important organs, including the brain [21, 35] and cardiorespiratory system [18, 19, 36] , have a contingent mechanism to combat hypoxia. However, these strategies did not seem to apply to the ocular system, which might predispose the eyes to developmental damage upon hypoxia. Since perinatal hypoxia is not uncommon in aquatic animals, further investigation on how to prevent ocular developmental disability in fish offspring would be meaningful and helpful in promoting survival of the general fish population.
